Abstract-We asked whether coordinated voluntary movement of the lower limbs could be regained in an individual having been completely paralyzed (>4 yr) and completely absent of vision (>15 yr) using a novel strategy -transcutaneous spinal cord stimulation at selected sites over the spinal vertebrae with just one week of training. We also asked whether this stimulation strategy could facilitate stepping assisted by an exoskeleton (EKSO, EKSO Bionics) that is designed so that the subject can voluntarily complement the work being performed by the exoskeleton. We found that spinal cord stimulation enhanced the level of effort that the subject could generate while stepping in the exoskeleton. In addition, stimulation improved the coordination patterns of the lower limb muscles resulting in a more continuous, smooth stepping motion in the exoskeleton. These stepping sessions in the presence of stimulation were accompanied by greater cardiac responses and sweating than could be attained without the stimulation. Based on the data from this case study it appears that there is considerable potential for positive synergistic effects after complete paralysis by combining the overground stepping in an exoskeleton, a novel transcutaneous spinal cord stimulation paradigm, and daily training.
I. INTRODUCTION
Results in mice [1, 2] , rats [3, 4] , cats [5, 6] , and humans [7, 8] with motor complete paralysis have shown that the lumbosacral spinal circuitry can be neuromodulated using a combination of electrical epidural stimulation [9, 10] , pharmacological interventions [11] , and locomotor training [9, 12] to enable weightbearing standing [8, 13] , stepping [14, 15] , voluntary movements [7, 8] and bladder control [16] . We recently demonstrated the ability to noninvasively neuromodulate the lumbosacral neural circuitry to induce locomotor-like movements in healthy subjects using electromagnetic stimulation [17] . Similar responses were observed using transcutaneous electrical spinal cord stimulation having a unique * This research was funded by NIH U01EB15521, R01EB007615 the Christopher & Dana Reeve Foundation and the F. M. Kirby Foundation. The research was conducted in the UCLA Clinical and Translational Research Center (CTRC) supported by National Center for Advancing Translational Science (NCATS) UCLA CTSI Grant Number UL1TR000124. This was also supported by RFBR grant №13- waveform that minimizes pain and discomfort in both healthy [18] and paralyzed (under review) subjects.
Over the past several years, robotic therapy has been tested as a method to improve locomotion in paralyzed subjects with varying results. An assistas-needed (AAN) paradigm was tested in mice using a specially designed robotic treadmill with arms to move the legs in a trajectory with an allowable error window [2] . EKSO Bionics is a battery powered wearable bionic suit that enables individuals with lower extremity weakness to stand and step overground with partial weight bearing and reciprocal gait. The EKSO GT robotic exoskeleton used in this study is a class I medical device (United States FDA) that has the potential to facilitate functional rehabilitation. The variable assist mode offered by the EKSO allows active involvement of subjects having minimal voluntary ability and minimal supraspinal control [7, 8] the effort applied by the subject, the onboard computer will provide the necessary assistance to complete the step cycle. The EKSO has several tilt and position sensors that maintain the position of various joints within a fized trajectory. We hypothesized that tonic transcutaneous electrical spinal cord stimulation can be used to re-engage the spinal circuitry to facilitate stepping in the EKSO and to progressively recover voluntary control of specific joint movements after complete paralysis.
II. METHODS

A. Clinical assessment and patient information
The UCLA Review Board approved all procedures. The subject was a 38-year-old man at the time of the experiment. He lost his eyesight at the age of 22, and 4 years prior to the experiment fell from a second floor onto a concrete floor damaging his spinal cord at the T9 and L1 vertebral levels. He was assessed clinically as motor and sensory complete (AIS A). The subject had owned the EKSO bionics suit for ~2 years and had completed ~180,000 steps prior to the experiment. He signed an informed consent form. All experimental procedures were approved by the Institutional Review Board of the University of California, Los Angeles.
B. Training and testing procedures
The subject stepped in the EKSO for 1 hr/day in the active (with voluntary effort) mode with a 5 min warm-up in the passive (without voluntary effort) mode. The 1 hr session was divided into three 20-min laps (40 m in length). During the first lap, the stimulation was delivered at the T11 vertebral segment (30 Hz), the second involved stimulation at the Co1 vertebral level (5 Hz), and the third lap consisted of simultaneous stimulation at T11 and Co1. Blood pressure and heart rate were recorded at the end of each lap. At the end of 5 days of training, stepping ability was assessed while the subject walked in the EKSO with and without stimulation at T11 and/or Co1 in both a passive and an active mode. The following day, voluntary ability to perform movements in specific joints was assessed with and without stimulation at T11 and/or Co1 with the subject being in a supine position.
C. EMG and kinematic recordings
During every session, bipolar EMG surface electrodes were used to record bilaterally on the soleus, medial gastrocnemius (MG), tibialis anterior (TA), rectus femoris (RF) and vastus lateralis (VL) [18] . EMG signals were amplified differentially (bandwidth of 10 Hz to 5 KHz) and acquired at 10 KHz using a 16 channel hard-wired A/D board and a customized LabVIEW software (National Instruments, TX) acquisition program.
III. RESULTS
Based on the subject's feedback, stimulation at T11 resulted in a feeling of 'tension' in all proximal lower limb muscles. The 'tension' was felt during sitting and increased when stepping (passive mode) in the EKSO. The tension greatly increased when the subject started stepping in the active mode. Tension was not felt with stimulation at Co1 when sitting and was minimal during passive stepping. During active stepping, however, the subject reported high levels of a tingling sensation in his entire leg, especially in the distal muscles, ankle joint and sole of the foot. During stimulation at T11 + Co1, the subject reported tension and tingling in the entire leg. At the end of each 1-hr training session, perspiration was observed in different parts of the upper and lower back, the gluteus muscles, and the calf muscles. This was the first time the subject reported perspiration below the level of lesion since his spinal injury. During the 1-hr training session, the average heart rate increased from 75 to 110 beats/sec and the systolic and diastolic pressure changed from 95 to 72 and 140 to 89 mm of Hg, respectively. The EMG activity was higher during active compared to passive stepping without stimulation, especially in the RF (Fig. 1) . With T11 stimulation the EMG activity was increased in the soleus muscles compared to No Stim with the activation being delayed in RF and lasting longer (Fig. 1) . The assistance provided by the robot to maintain the path during the swing phase was greater during active compared to passive stepping without stimulation (Fig. 2B ) even though the current drawn by the knee and hip motors were reduced, probably due to reduced movement precision without stimulation.
The robot assistance and motor current were lower during stimulation at T11 and T11+Co1 compared to no stimulation. These lower values with stimulation could be attributed to the increased sense of feeling in the legs during active stepping. The EMG activation pattern in the RF during T11+Co1 was further delayed compared to T11 alone with the burst lasting longer.
To further examine changes in the neural networks, we tested the subject's ability to voluntarily move specific joints with and with stimulation at T11 and/or Co1 (Fig. 3) . When the subject attempted to flex his knee with no stimulation (Fig.  3 yellow highlight), there was co-activation of the MG and soleus with the TA muscle. Little activation was observed in the proximal muscles.
The EMG activity in all muscles was lower with stimulation at T11 or Co1 when the subject attempted to flex (Fig.  3, blue highlight) . Although EMG activity was observed in all muscles, no change in knee angle was observed either with or without stimulation at T11 or Co1. During stimulation at T11+Co1, however, the subject was successful in flexing his knee completely and there were higher levels of EMG activity in all proximal muscles compared to stimulation at either site alone.
IV. DISCUSSION
A. Noninvasive activation of the spinal cord
We have developed a novel method for noninvasively neuromodulating the spinal cord using painless transcutaneous stimulation using a special form of electrical pulses at a high frequency [17] . This method enabled the activation of all leg muscles in a coordinated manner to aid in the performance of stepping in the EKSO as well as when performing voluntary tasks. This method has been shown to be effective in inducing locomotor-like activity in non-injured [18] and SCI (under review) subjects when their legs were placed in a gravity-neutral position. As the subject is in a vertical position, combination partial weight bearing and activation of spinal neural networks via stimulation greatly enhances locomotor as well as autonomic functions.
B. Incongruity of clinical and physiological assessments of completeness of paralysis
We have reported changes in the physiological state of the spinal cord in 4 out of 4 clinically motor complete subjects implanted with a 16-electrode epidural array over the L1-S1 spinal levels within weeks of implantation [7, 8] . The results show recovery and progressive improvement in volitional motor control as a result of daily motor training, but only in the presence of epidural stimulation. This increase in excitability was sufficiently close to the motor threshold so that the newly evolved supraspinal descending input to the lumbosacral spinal cord was sufficient to reach motor threshold. Kakulas [19] reported a remarkable finding in the study of 564 human cadavers with SCI. He studied variables such as axonal lesions, traumatic demyelinationremyelination, and quantification of white matter tracts. Surprisingly, many of the cadavers had a proportion of their spinal cord white matter remaining across the level of lesion even though they were completely paralyzed as assessed clinically. The changes in both locomotor and autonomic systems reported by the subject under the influence of stimulation and descending cortical 
